Introduction
Carbon dioxide (CO2) is widely used in supercritical fluid extraction (SFE) because of its moderate critical constants (Tc = 304.2 K; Pc = 7.38 MPa; ρc = 0.45 g cm -3 ), inertness, low cost, and availability in pure form. 1 The unique properties of supercritical CO2 (scCO2) have found many new applications in extraction separation of many non-polar organic compounds. Typical examples of large-scale industrial applications of the scCO2 technology include the preparation of decaffeinated coffee and hop extracts. 2 Unfortunately, direct extraction of metal ions by scCO2 is highly inefficient because of the charge neutralization requirement and the weak solute-solvent interactions. However, when metal ions are chelated with organic ligands, they may become quite soluble in scCO2. 2 Up to now, many chelating agents have been used to extract metal ions in scCO2, including crown ether, β-diketones, dithiocarbamates, and amines. [3] [4] [5] [6] [7] [8] [9] Bipyridine is a well-known strong chelating agent and can form stable complexes with almost all heavy metal ions. 10 However, bipyridine itself is not a good CO2-phile according to our research results (less than 0.5 mg l -1 at 313 K and 15 MPa) and it must be modified if it is used in scCO2 for metal ion extraction. According to the literature and to our research findings, carbonyl groups and hexyl groups can enhance the solubility of compounds; so here, we report the results of metal ion extraction in scCO2 using our newly-synthesized bipyridine derivative (4,4′-bis(dihexylaminocarbonyl)-2,2′-bipyridine) as chelating reagent.
Experimental

General considerations and measurement
Stock solutions of Co 2+ , Cu 2+ , Sr 2+ , Cd 2+ , Zn 2+ , Pb 2+ (with Clas anion) at 1000 μg ml -1 and all other chemicals were purchased from Acros Chem. Co. and were used as received. 4,4′-Bis(methoxycarbony)-2,2′-bipyridine was synthesized according to the method reported. 10 NMR spectra were recorded on a JEOL AL-300 MHz instrument at ambient temperature using TMS as an internal standard. IR spectra were measured on a Perkin-Elmer 2000 FT-IR spectrometer. Elemental analysis was performed by using a Flash-EA 1112 microanalyzer. 99.99% purity CO2 was obtained from Wuhan Steel Co. and used as the fluid. A "JASCO PU-1580-CO2" CO2 delivery pump was used to cool and deliver CO2 fluid and a "JASCO BP-1580-81" back pressure regulator was used to keep the stable and accurate pressure (±0.1 MPa).
Synthesis of target compound
The target compound 4,4′-bis(dihexylaminocarbonyl)-2,2′-bipyridine (BDC-Bipy) was synthesized according to a known procedure shown in Fig. 1 . 10 The structure of compound 4,4′-bis(dihexylaminocarbonyl)-2,2′-bipyridine has been confirmed to be the following. 4,4′-Bis(dihexylaminocarbonyl)-2,2′-bipyridine (BDC-Bipy) was synthesized and studied systematically as a chelating reagent for metal ions extraction in supercritical CO2. The compound showed high extraction efficiency for Co 2+ (100%), Cu 2+ (100%), Cd 2+ (98.2%), and Zn 2+ (100%) ions and good extraction efficiency for Sr 2+ (79.4%) and Pb 2+ (89.8%) when the extraction was performed in supercritical CO2 at 313 K and 25 MPa with the system of BDC-Bipy, deionized water and perfluoro-1-octanesulfonic acid tetraethylammonium salt. The recoveries of mixed metal ions were also measured; unfortunately, the system of extraction has no selectivity for the metal ions. 
Solubility test of BDC-Bipy in scCO2
For metal ions extraction with scCO2, the first important requirement is that the chelating reagent itself should be soluble in scCO2, or rather, that the chelating reagent itself should have higher solubility. Solubility tests in scCO2 were carried out using a method reported by Aiba and Ohkawa. 11 Each measurement was carried out at least five times to obtain a trend of solubility for each condition at different temperatures (Fig.  2) .
Metal ions extraction procedure and analysis of extracted sample
All experiments of extracting metal ions from spiked filter paper using the in situ chelation-SFE were performed with a lab-built SFE apparatus described by Wai and coworkers. 12 After each metal ion extraction experiment, the system was depressurized and cooled to room temperature. The spiked samples were digested with 5 ml of 1 mol l -1 HNO3 and then analyzed with ICP-MS to measure the concentration of metal ion residue. The extraction behavior was evaluated by percent recovery of metal ions, E%, from the change in concentration of metal ions before and after extraction. The E% was calculated by the following equation:
where Ci is the concentration of metal in the original feed sample and Cf is the concentration of metal after the extraction.
Results and Discussion
Solubility measurements were conducted in a pressure range from 8.0 to 25.0 MPa and at temperatures of 313, 333 and 353 K. The resulting solubilities in terms of weight fraction in scCO2 are shown in Fig. 2 . Each reported data point is the average of at least five replicate points.
The weight concentration fractions of solute were reproducible within ±3%.
As expected, at the same temperature, the solubilities of solute increased with the increase of pressure. And at the same pressure, the solubilities of solute decreased with the increase of temperature. In general, the solvent power of CO2 increases with density of CO2. Since lower temperatures showed better solubility, we selected 313 K as the extracting temperature.
The recoveries of Co 2+ , Cu 2+ , Zn 2+ , Cd 2+ , Sr 2+ and Pb 2+ ions from spiked filter paper samples were researched systematically. When extractions were performed with BDCBipy and scCO2 without other co-extractants such as water and perfluoro-1-octanesulfonic acid tetraethylammonium salt (PFOAT) at 313 K, the recoveries from the spiked filter paper samples were almost negligible for all the five metal ions. As shown in Table 1 , the recoveries of metal ions were still very low even at the pressure of 30 MPa. However, the recoveries increased with the increase of CO2 pressure, suggested that the complexes may form but the solubilities were very low. BDCBipy could be used to extract metal ions in scCO2 at higher pressure.
According to the literature, water can enhance the recoveries of metal ions in scCO2. [3] [4] [5] When the same amount of BDC-Bipy and extra 0.02 mL deionized water were used to extract metal ions in scCO2, the recoveries of metal ions were a little higher than the case when only BDC-Bipy was used. Unfortunately, the recoveries of metal ions were still very low (less than 20% for all metal ions at 30 MPa).
As shown in Table 1 , without other additives except BDCBipy, the extraction efficiencies were very low or negligibly small, indicating that chelating ligands may form complexes with metal ions but either their equilibrium constant might be very small or their solubility in scCO2 is low. 13 In order to increase the extraction efficiency, we used PFOAT as additive (no deionized water). Although the values increased about 10 -15% comparing with the data in Table 1 , the recoveries of metal ions were still low. However, the recoveries of metal ions increased dramatically when extractions were performed with BDC-Bipy, deionized water and PFOAT in scCO2 (Table 2) . At 313 K and 25 MPa, the recoveries from the spiked filter paper samples were 100% for Co 2+ , Cu
2+
, and Zn 2+ ions and was 98.2% for Cd 2+ ion. But the recoveries for Sr 2+ and Pb 2+ ions were not good, possibly because radii of both ions are a little bigger than those of others and thus it is difficult to form complexes, or the complexes formed have lower solubilities in scCO2. The results seem to confirm the suggestion that the salt dissociates and gives a CO2-philic PFOA -anion. The PFOAanion undergoes exchange with the Cl -anion of the complex in the aqueous phase, and consequently the affinity of the complex for scCO2 increases due to the scCO2-philic PFOA -chain. 13 The system of deionized water (0. recoveries for the five metal ions were less than 25%. The results confirmed that it is the system of BDC-Bipy, deionized water and PFOAT that gave the high recoveries of metal ions in scCO2.
The extraction of mixed metal ions was also performed. At 313 K and 25 MPa, the recoveries from the spiked filter paper samples were still 100% for Co 2+ , Cu 2+ , and Zn 2+ ions when extractions were performed with BDC-Bipy, deionized water and PFOAT in scCO2. And the recoveries of metal ions for Cd 2+ , Sr 2+ and Pb 2+ ions were lower than the one-by-one extraction cases, but still good (96% for Cd 2+ , 67% for Sr 2+ and 83% for Pb 2+ ). The results showed no selectivity of the extraction system for the metal ions we studied.
In summary, 4,4′-bis(dihexylaminocarbonyl)-2,2′-bipyridine has been used for metal ion extraction in supercritical CO2. When extractions were performed with the system of BDCBipy, deionized water and PFOAT in scCO2 at 313 K and 25 MPa, the recoveries from the spiked filter paper samples with mixed metal ions were 100% for Co 2+ 
